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The defects in 3C-SiC film grown on 001 plane of Si substrate were studied using a 200 kV high-
resolution electron microscope with point resolution of 0.2 nm. A posterior image processing technique, the
image deconvolution, was utilized in combination with the image contrast analysis to distinguish atoms of Si
from C distant from each other by 0.109 nm in the 110 projected image. The principle of the image process-
ing technique utilized and the related image contrast theory is briefly presented. The procedures of transform-
ing an experimental image that does not reflect the crystal structure intuitively into the structure map and of
identifying Si and C atoms from the map are described. The atomic configurations for a 30° partial dislocation
and a microtwin have been derived at atomic level. It has been determined that the 30° partial dislocation
terminates in C atom and the segment of microtwin is sandwiched between two 180° rotation twins. The
corresponding stacking sequences are derived and atomic models are constructed according to the restored
structure maps for both the 30° partial dislocation and microtwin. Images were simulated based on the two
models to affirm the above-mentioned results.
DOI: 10.1103/PhysRevB.75.184103 PACS numbers: 68.37.Lp, 42.30.Wb
I. INTRODUCTION
Semiconductor nanostructures1,2 have been a global re-
search focus in recent decades due to their nature of being
building blocks for future nanoelectronics and nano-
optoelectronics.3 As a consequence, it is vitally important to
understand their fine atomic configuration of defects in these
nanostructures as defects can significantly degrade their
physical and mechanical properties. Silicon carbide SiC
thin film is a kind of promising two-dimensional semicon-
ducting nanomaterial for high-power and high-frequency de-
vices because of its wide band gap, high breakdown field,
and high thermal conductivity. As one of the polytypes of
SiC, 3C-SiC has been investigated much less than its coun-
terparts, such as 4H-SiC and 6H-SiC, although 3C-SiC films
grown on Si substrate are commonly considered to be able to
combine the excellent properties of SiC with the mature Si
technology.4 Owing to a large lattice mismatch 20% and a
significant difference in thermal expansion coefficients be-
tween Si and SiC, a high density of defects such as misfit
dislocations,5 stacking faults SFs,6 microtwins,7,8 and an-
tiphase boundaries9,10 is frequently introduced into the
3C-SiC films grown on Si substrate. It is believed that these
defects may cause serious damage to electronic devices
based on SiC. To study the structure of defects, high-
resolution electron microscopy HREM is considered as a
very effective technique.
In general, high-resolution electron microscope images
are strongly modulated by the contrast transfer function
CTF of an electron microscope. Only the images taken near
the Scherzer defocus condition11 for a sufficiently thin speci-
men may reflect the real crystal structure with a resolution
restricted to the point resolution of the microscope. It was
reported that the structures and defects in SiC can be directly
observed at atomic level with high-voltage high-resolution
electron microscopes.12,13 Recently, a new kind of medium-
voltage field-emission gun FEG microscope with the
spherical aberration corrector and monochromator has been
developed, which is able to provide a point resolution of
0.07 nm.14 Hence, the structure of 3C-SiC with the atomic
resolution should be attainable with such microscopes. A
third way for the same purpose is to restore the structure map
of examined crystal with the resolution approaching the in-
formation limit of a FEG microscope by means of posterior
image processing techniques, such as exit wave recon-
struction15–17 and image deconvolution.18–20 So far these
techniques have been successfully applied to images taken
with 200 and 300 kV microscopes.
Originally the image deconvolution method was devel-
oped for deriving unknown structures from a single image
with an arbitrary defocus usually taken from a non-FEG mi-
croscope. It is based on the pseudo-weak-phase object ap-
proximation pseudo-WPOA.21 The direct method devel-
oped in x-ray crystallography19 and the principle of
maximum entropy20 were utilized to determine the defocus
value. Though the structure resolution attained by image de-
convolution is generally constrained by the resolution of the
electron microscope, it can be enhanced to the diffraction
resolution limit by combining the corresponding diffraction
data and performing the phase extension.22,23 So far a num-
ber of crystal structures including incommensurately modu-
lated structures24–31 have been determined. An alternate type
of work dealing with image deconvolution is developed to
determine defect structures in crystals whose structures in
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perfect regions are known before.32–37 In the latter case, the
resolution of deconvoluted images was improved up to the
information limit of the microscope. For this it is important
to improve the image quality by reducing the dynamical scat-
tering effect via the diffraction amplitude correction.33–37 The
present work belongs to the second category, in which the
image deconvolution combined with the diffraction ampli-
tude correction was utilized to investigate the atomic con-
figurations for a partial dislocation core and for twin bound-
aries in a 3C-SiC film grown on the Si substrate.
In the following, a short paragraph dealing with the ex-
periment and structure model of 3C-SiC is given in Sec. II.
In Sec. III, the utilized image processing methods and a prac-
tical image contrast theory in HREM are briefly introduced.
An experimental image is shown in Sec. IV, from which
three regions were selected to make a detailed analysis in
Secs. V–VII. Section V concentrates on how to distinguish
atoms Si and C in the image when the microscope resolution
is insufficient to resolve atoms individually. The results ob-
tained in this section serve as the basis for Secs. VI and VII
to determine the core structure of a 30° partial dislocation
and the structure of twin boundaries, respectively, at atomic
level.
II. EXPERIMENT AND STRUCTURE MODEL
The 3C-SiC film was grown on Si 001 substrate by the
atmosphere pressure chemical vapor deposition technique.
Silane SiH4 and propane C3H8 were used as the precur-
sors of Si and C, respectively. Prior to the deposition of the
film, a “carbon buffer layer” is formed by exposing the sili-
con surface to propane, typically at 1300 °C. The 110
cross-section specimen for high-resolution electron micro-
scope observation was prepared by Ar-ion-beam thinning.
The microscopic observation was performed using a JEM
2010 microscope with Cs=0.5 mm and the point resolution
of 0.194 nm.
The crystal 3C-SiC has a cubic structure of zinc-blende
type with lattice parameter a=0.436 nm. Since for such
structures the majority of dislocations in cubic semiconduc-
tors is along the 110 directions and planar defects often lie
on 111 planes, it is appropriate to study these defects using
high-resolution electron microscope images projected in the
110 directions. Figure 1 shows the structure models of
3C-SiC. Atoms of Si and C are grouped in pairs in the 110
projected structure. The distance between the two atoms in
the pair is 0.109 nm. Usually, such atomic pairs are named
“dumbbells” in HREM.
III. IMAGE CONTRAST INTERPRETATION AND
IMAGE DECONVOLUTION
A. Image contrast changes with crystal thickness
for different atomic numbers
In HREM, the weak-phase object approximation WPOA
is widely used to interpret why the image can intuitively
reflect the crystal structure. According to the WPOA the im-
age intensity is expressed as
Ir = 1 + 2r  F−1TH , 1
where = /U,  is the wavelength and U the accelerating
voltage of electrons, and  and F−1 are operators of convo-
lution and inverse Fourier transform, respectively. r is the
projected potential distribution function PPDF and TH
the CTF. r and H are coordinate vectors in the real space and
reciprocal space, respectively. At the Scherzer focus condi-
tion, Eq. 1 approximately turns into
Ir = 1 − 2r . 2
Equation 2 indicates that the image intensity is linear to the
PPDF of the structure. Such images are named structure im-
ages where all atoms appear black.
However, the WPOA is valid only for extremely thin
samples and cannot indicate how the image contrast changes
with the crystal thickness. Providing a modification and
supplement to the WPOA, the pseudo-WPOA Ref. 21 de-
clares that the Scherzer focus image can be expressed more
practically as
Ir = 1 − 2r 3
and
r = r + r , 4
Here, the function r is named pseudo-PPDF. The incre-
ment r depends on the crystal thickness and contains the
second-order terms of r. Hence, the secondary scattering
effects are included, to some extent, in Eq. 3. It was dem-
onstrated that as long as the crystal thickness is below a
critical value, the peak positions for r would be exactly
the same as the peak positions for r, i.e., the atomic po-
sitions. The difference between r and r is only in the
peak heights. When the crystal is as thin as a weak-phase
object, Eq. 3 will degenerate to Eq. 2. With the increase
of crystal thickness, the relative contrast alters such that the
darkness of light atoms increases more rapidly than that of
heavy atoms, and with the further increase of crystal thick-
ness, light atoms may appear darker in the image than heavy
atoms. Such feature of the image contrast is essential to rec-
ognizing Si and C atoms in images. This will be discussed in
detail in Secs. V–VII.
B. Validity of WPOA for crystal structure determination
According to the pseudo-WPOA, the critical thickness tc
depends on the electron wavelength  and the atomic number
Zh of the heaviest constituent atoms. The smaller the values
of  and Zh, the larger the value of tc. For 200 kV micro-
FIG. 1. Color online Structure model of 3C-SiC left and its
110 projection right.
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scopes, tc is typically of several nanometers. It is well known
that such value of crystal thickness fits those for taking struc-
ture images of good quality. The pseudo-PPDF can be under-
stood as the PPDF of an imaginary crystal isomorphic to the
examined real crystal. As compared with the atoms in the
real crystal, in the imaginary isomorphic crystal, the ficti-
tious heavy atoms will appear lighter and vice versa. There-
fore, the image contrast of a Scherzer focus image is linear to
the pseudo-PPDF when the crystal thickness is below the
critical value. At or above the critical thickness, the heaviest
atoms in the crystal will either have no contrast or have a
reverse contrast so that the one-to-one correspondence be-
tween the image and the PPDF will no longer exist. This
implies that Eq. 1 is valid for crystal structure determina-
tion only if the crystal thickness is below the critical value.
C. Principle of image deconvolution
The principle of image deconvolution and diffraction am-
plitude correction has been described in previous
publications19,20,32–34 and is introduced briefly here. Assume
that the crystal thickness is below the critical value and
hence Eq. 1 is valid. After replacing the function r by
r, the Fourier transform FT of Eq. 1 yields
iH = H + 2FHTH , 5
where FH is the FT of r named the pseudo-structure
factor. When the transmitted beam H is ignored, Eq. 5





TH can be calculated if the spherical aberration coefficient
Cs, defocus value f , and defocus spread due to the chro-
matic aberration D are known. Thus, FH and the corre-
sponding pseudo-PPDF r can be obtained.
The image defocus is first determined by matching the FT
of an amorphous image area named Thon diffracto-
gram38 with CTF curves calculated for various values of f ,
and then is refined in the course of image deconvolution. The
detailed process of defocus refinement is described in Ref.
36.
D. Principle of diffraction amplitude correction
It should be emphasized that the practical sample can
hardly be a weak phase object, and hence the dynamical
scattering effect is inevitable. A method for correcting dif-
fraction amplitude FH was developed33 to reduce the dy-

















In Eqs. 7 and 8, KH is the correction coefficient which is
a constant within each reflection but varies for different re-
flections, FHi denotes the amplitude value in the ith pixel for
reflection H inside the corresponding window, and FH de-
notes the structure factor of the perfect crystal. The physical
meaning of the method is forcing the integral amplitude of
each reflection to be equal to the corresponding structure
factor amplitude of the perfect crystal. The final deconvo-
luted image is obtained by inverse Fourier transforming the
diffractogram consisting of FcorH.
Circular windows33 or elliptical windows34 were utilized
for Fourier filtering and for collecting the integral amplitude
of reflections. Employing circle windows for point and line
defects and elliptical windows for planar defects is recom-
mended.
IV. EXPERIMENTAL IMAGE AND DEFOCUS
DETERMINATION
Figure 2 shows the experimental image of 3C-SiC/Si pro-
jected in the 110 direction taken near the Scherzer defocus.
It is a lattice image showing the lattice periods and defects
rather than a structure image. It is well known that Schockley
60° dislocations are frequently introduced into the basal
111 plane of SiC, owing to the lattice parameter mismatch
of SiC and Si. Usually, an extended 60° dislocation will dis-
sociate into a couple of partial dislocations, the 30° and 90°
FIG. 2. 110 high-resolution electron microscope image of
3C-SiC grown on Si substrate.
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ones with a SF in between. When several couples of partial
dislocations are arranged in order, a microtwin comes into
formation.39,40 A typical partial dislocation core with a single
layer SF and a microtwin with five stacking layers are
framed in rectangles labeled with R2 and R3, respectively.
The FT of a selected image area including both the amor-
phous and crystalline regions on the top of Fig. 2 is given in
Fig. 3a where the Thon diffractogram38 consisting of dif-
fuse rings and the diffractogram consisting of arrayed reflec-
tions which come from the crystalline image area are super-
imposed. The image defocus was determined by matching
the CTF curves calculated for different trial values of f
with the contrast profile of Thon diffractogram. It has been
found that the CTF curve calculated for U accelerating volt-
age=200 kV, Cs=0.5 mm, D=6 nm, and f =−46 nm fits
the Thon diffractogram the best see the inset on the bottom
right of Fig. 3a. The accurate value of f was obtained by
refinement in the course of image deconvolution.
Figure 3b is the magnified CTF curve. The positions of
six independent reflections 111, 002, 220, 113, 222, and 004
for the 110 projection of SiC are indicated with segments
of different lengths representing the relative value of struc-
ture factor for the corresponding reflection. It is seen that all
reflections other than 111 and 002 are beyond the scope of
the microscope’s point resolution. Owing to the rapid damp-
ing of CTF in high frequency, amplitudes for reflections 220
and 113 are seriously attenuated and the reflections 222 and
004 are almost cut off. It is reasonable to consider that the
faint reflections 222 and 004 in Fig. 3a mainly come from
the secondary scattering. In the next three sections, all the
results and the related arguments are evolved from the image
shown in Fig. 2.
V. DISTINGUISHING SILICON AND CARBON ATOMS
As shown in Fig. 1, Si and C atoms are grouped into
pairs, named dumbbells, in the 110 projected structure of
SiC, and the distance between the two atoms in the dumbbell
is 0.109 nm which equals the reciprocal of spatial frequency
for reflection 004. To reveal atomic columns of Si and C
individually with correct distance, the image should contain
the structure information contributed by all diffracted waves
at least within the scattering angles up to those for 004 and
004¯ . However, according to the argument given in Sec. IV,
only four independent reflections 111, 002, 220, and 113 in
the diffractogram can reasonably be utilized. Fortunately, for
the diamond as well as zinc-blend structures, the two atoms
in the dumbbell can reveal separately in the deconvoluted
image as far as the contribution of reflection 113 and its
equivalents are included, though the distance between the
two atoms will be slightly longer than the correct value ow-
ing to the insufficient structure information. This is in accor-
dance with the simulated images for such structures when the
contributions of reflections 004 and 004¯ are ignored.
At first, the image deconvolution and diffraction ampli-
tude correction were applied to the thin perfect region la-
beled R1 given in Fig. 2. The magnified micrograph for re-
gion R1 is shown in Fig. 4a. The crystal thickness increases
from the top to bottom as indicated by the arrow. Three
different diffractograms are shown in Figs. 4b–4d. Figure
FIG. 3. a Thon diffractogram obtained from the top edge in
Fig. 2 with the CTF curve matched on the bottom right. b The
CTF curve calculated for f =−46 nm, Cs=0.5 mm, and D=6 nm
together with the six independent reflections of 3C-SiC.
FIG. 4. a Magnified micrograph of region R1 shown in Fig. 2,
b diffractogram obtained by Fourier transforming a, c diffrac-
togram obtained from b after Fourier filtering and deducting CTF
modulation, d diffractogram obtained from c after diffraction
amplitude correction, e deconvoluted image, and f contrast pro-
files of dumbbells for regions I, II, and III, respectively.
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4b is a direct FT of Fig. 4a, where reflections 111, 002,
220, and 113 are visible. The value of f was determined
roughly to be −46 nm and later refined as −46.5 nm through
a series of f trial in the range of −42 to −49 nm with a focus
step of 0.5 nm. Figure 4c is obtained from Fig. 4b after
Fourier filtering and CTF modulation deduction with the
transmitted beam omitted. Subsequently, the diffraction am-
plitudes were corrected for Fig. 4c to reduce the dynamical
scattering effect, and the finally corrected diffractogram is
shown in Fig. 4d.
The inverse FT of Fig. 4d yields the deconvoluted image
Fig. 4e, in which each pair of atomic columns Si and C
reveals as an individual black dumbbell, with the contrast
slightly increasing with the increase of crystal thickness. In
order to discern the contrast difference between the two ends
in dumbbells, the gray levels were measured for three re-
gions I, II, and III and the contrast profiles are shown in Fig.
4f. The gray value of 0–255 is assigned to correspond to
the contrast change from white to black. The gray level for
the upper ends of the dumbbells is lower than, almost equal
to, and slightly higher than that for the corresponding lower
ends for regions I, II and III, respectively. Because region I is
near the amorphous area and hence the thinnest one among
the three regions, it is reasonable to approximate region I as
a weak-phase object, while regions II and III should be
treated as pseudo-weak-phase objects. The contrast of atomic
columns Si and C shown in Fig. 4f is in agreement with the
pseudo-WPOA.21 The fact that with the increase of crystal
thickness the peak height for light atoms goes up quicker
than that for heavy atoms corresponds to the case below the
critical crystal thickness. Therefore, the upper ends in the
dumbbells are recognized as atomic columns of C while the
lower ends as Si.
VI. CORE STRUCTURE OF A PARTIAL DISLOCATION
Figure 5a is the magnified micrograph for region R2
shown in Fig. 2, where a partial dislocation the terminated
plane is pointed by the arrow and its end is marked with the
circle associated with a SF can be seen. By applying Bur-
gers circuit, the partial dislocation can be determined to be a
30° partial dislocation with a Burgers vector of 1 /6112. It
is well known that 60° dislocations are generally gliding dis-
locations that may glide on 111 planes in cubic semicon-
ductors. For the SiC/Si system, these dislocations exist in
SiC or at the SiC/Si interface to relieve the misfit strain
between the SiC thin film and the Si substrate. Energetically
speaking, a 60° dislocation may dissociate into two partial
dislocations, a 30° and a 90° with a SF associated with them.
This is particularly true for a tensile strained layer grown on
a 001 substrate, in which the 90° partial dislocations are
located near the strained interface and the 30° partial dislo-
cations are in the film.41
Horizontal streaks caused by the SF are seen clearly on
both sides of all reflections included in the diffractogram see
the inset in Fig. 5a. The deconvoluted image for Fig. 5a
with f =−47 nm is shown in Fig. 5b. The strong streaks
seen in the diffractogram inserted in Fig. 5b indicate that
most of the structural information contributed by the SF is
retained. This confirms the right decision of using elliptical
windows for the Fourier filtering.34 In Fig. 5b, all atoms
appear as black and the dumbbells are recognized though not
clearly. Figure 5c is the magnified picture corresponding to
the region inside the dotted rectangle shown in Fig. 5b.
Owing to the insufficient resolution of the microscope, the
two ends in the dumbbells are not resolved.
For a 30° partial dislocation, the inserted plane may ter-
minate either in atom Si or atom C, as illustrated in Fig. 6.42
To identify the terminal atom pointed by the small arrows in
Figs. 5b and 5c, the argument of image contrast variation
with crystal thickness given in the last section was referred
as follows. Since region R2 in Fig. 2 is located farther away
from the sample edge than region R1, the thickness of region
R2 should be larger than or, at least, similar to that of the
FIG. 5. a Magnified micrograph of region R2 shown in Fig. 2,
b deconvoluted image of a, c magnified picture corresponding
to the region inside the dotted rectangle shown in b with sche-
matic structure model superimposed, and d simulated image with
f =−47 nm and t=5.54 nm; the solid reference rectangles show
the equivalence regions in a–d.
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thick part in region R1. Hence, the contrast profile in the
segment III shown on the bottom of Fig. 4f can be used for
Fig. 5c to make out that the gray level for Si is lower than
that for C. Thus, the smaller ends in the dumbbells corre-
spond to atomic columns of Si, while the bigger ends corre-
spond to the atomic columns of C. Therefore, all Si and C
atoms including those pointed by the small arrow can be
identified in the deconvoluted image shown in Fig. 5c so
that it is clear that the partial dislocation terminates in the C
atomic column. The atomic configuration of the 30° partial
dislocation core and its associated SF was then derived, and
the corresponding model is superimposed on the deconvo-
luted image see Fig. 5c. The stacking sequence is
¯ab	cacab	ca¯, where 	  represent
atomic layers of Si and abc c represent atomic layers of C.
Figure 5d shows the image simulated based on the model
given in Fig. 5c with f =−47 nm and the crystal thickness
of 5.54 nm, which is in good agreement with the experimen-
tal image.
VII. STRUCTURES OF MICROTWIN AND TWIN
BOUNDARIES
In 3C-SiC, the 111 twins could be either a 180° rotation
twin or a mirror reflection twin43 with the corresponding
stacking sequence¯a	bc	ba¯ or¯a	bb	a¯,
respectively. The two types of schematic models are shown
in Fig. 7. Figure 8a is the magnified micrograph for region
R3 shown in Fig. 2, which contains a segment of 111 mi-
crotwin marked by two arrows. The corresponding diffrac-
togram is inserted on the top right. Figure 8b shows the
deconvoluted image of Fig. 8a with f =−46.5 nm. Again,
atoms appear black and the two atoms in the dumbbells are
not resolved clearly. Since this region is near the thin amor-
phous area, the thickness should be comparable with the top
part in Fig. 4a. Hence, the contrast profile of segment I
shown on the top of Fig. 4f can be used for Fig. 8b. Thus,
it is reasonable to treat the bigger ends of the dumbbells as
atomic columns of Si. The structure model of the microtwin
segment together with its boundaries constructed on the basis
of the above argument is superimposed on the deconvoluted
image see Fig. 8b. It is seen that the stacking sequence is
¯a	bcac	bacb	ca	b¯, and the microtwin
segments are sandwiched between two 180° rotation twins.
Figure 8c shows the image simulated according to the
model given in Fig. 8b with f =−46.5 nm and the crystal
thickness of 3.08 nm. The simulated image agrees well with
the experimental image.
VIII. CONCLUSIONS
In the present paper, the structures of a 30° partial dislo-
cation core and of twin boundaries in 3C-SiC have been
determined at atomic level from a single 110 image taken
with a conventional 200 kV high-resolution electron micro-
scope of point resolution about 0.2 nm. First, the experimen-
tal image that does not directly reflect the crystal structure
was transformed into the structure map by image deconvo-
lution. Then, the quality of the restored structure map was
improved after weakening the dynamical scattering effect via
the diffraction amplitude correction. Here, it is important to
preserve the structure information of defects as much as pos-
sible by utilizing appropriate windows circle for point and
line defects and elliptical for planar defects in Fourier filter-
ing and collecting integral reflection amplitudes. Though the
point resolution of the restored structure map is about
0.2 nm, the atomic columns of Si and C distant from each
other by 0.109 nm have been recognized via the image con-
trast analysis based on the pseudo-WPOA. This results in the
successful determination of defect structures at atomic level
that the 30° partial dislocation terminates in C atom and the
microtwin segment is sandwiched between two 180° rotation
twins. Hence, the corresponding stacking sequences are de-
FIG. 6. Color online Schematic structure models of 30° partial
dislocation terminate in atomic columns of a C and b Si.
FIG. 7. Color online Schematic structure models of a 180°
rotation twin and b mirror reflection twin for 3C-SiC.
FIG. 8. a Magnified micrograph of region R3 shown in Fig. 2,
b deconvoluted image of a with schematic structure model su-
perimposed, and c simulated image with f =−46.5 nm and t
=3.08 nm.
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rived and atomic models are constructed according to the
restored structure images for both the 30° partial dislocation
and microtwin.
Usually, the defect structures with atomic resolution can
be obtained only with a microscope of much higher resolu-
tion. The present work indicates that such structure informa-
tion can also be obtained from images taken with an ordinary
popular medium-voltage electron microscope when the pos-
terior processing and contrast analysis are carried out.
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